INTRODUCTION {#sec1-1}
============

The etiopathogenesis of premature canities, i.e., graying of hair before the usual age, currently remains an enigma.\[[@ref1]\] In melanocytes, melanin synthesis from L-tyrosine occurs through a series of oxidative reactions that generate reactive oxygen species (ROS), namely hydrogen peroxide (H~2~O~2~) and free radicals in final stages.\[[@ref2]\] Oxidative stress with an excessive generation of ROS, due to an imbalance between prooxidant reactions and antioxidant defense mechanisms, leads to macromolecular and cellular damage.\[[@ref3]\] Increased melanocyte apoptosis and oxidative stress in the pigmentary unit of graying hair follicles have been documented by few investigators.\[[@ref4]\],\[[@ref5]\],\[[@ref6]\],\[[@ref7]\] Melanogenesis-induced oxidative stress in anagen hair bulbs may be compounded by extraneous factors, namely environmental pollution and stressful lifestyle.\[[@ref8]\] The role of systemic oxidative stress in the causation of premature hair graying has not been explored. The present study was designed to evaluate oxidative stress parameters in premature canities patients\' blood and to correlate the alterations with the severity of hair graying.

MATERIALS AND METHODS {#sec1-2}
=====================

A cross-sectional observational study was undertaken in the dermatology department of a tertiary care hospital. The study was approved by the Institutional Ethics Committee and the procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 2000.

Study subjects {#sec2-1}
--------------

Fifty clinically diagnosed consecutive patients of premature canities, aged \<25 years, and thirty age- and sex-matched healthy controls were recruited. Informed written consent was obtained from the patients as well as controls before inclusion in the study. The natural hair color of patients in the study population was uniformly black/deep dark brown, without much variation. Patients with less than 5 gray hairs on the scalp were excluded from the study. In addition, patients with graying of hair due to other conditions such as vitiligo and cutaneous disease involving the scalp; patients with history of intake of systemic drugs/supplements, namely iron supplementation or those who had used hair dye/gel in the previous 6 months; current, or past smokers; patients with history of fever/systemic disease within 3 months of onset of premature canities and pregnant/lactating females were also excluded.A detailed clinical history and examination was undertaken for each patient. The number of gray hair was counted using a hand lens in five areas of the scalp, i.e., frontal, vertex, occipital, right, and left temporal regions, and summated to determine the total number of scalp gray hair. The severity of premature canities was graded based on the total number of gray hair on the scalp as mild (5--20 gray hair), moderate (21--50 gray hair), and severe (\>50 gray hair).

A fasting venous blood sample (5 mL) was drawn after an overnight fast from cases and controls in plain and EDTA Vacutainers. Serum was separated and stored at −70°C until the analysis. Laboratory investigations included complete hemogram and thyroid function tests in both premature canities cases and controls.

Redox status in patients of premature canities/controls was assessed by the measurement of malondialdehyde (MDA), reduced glutathione (rGSH), and total superoxide dismutase (SOD) concentration in the serum, by enzyme-linked immunosorbent assay (ELISA) using commercial kits mentioned below, as per the manufacturer\'s protocol.

MDA: Sincere Biotech, China, Catalogue no. E13651173 (Type II)rGSH: Sincere Biotech, China, Catalogue no. E13650807 (Type II)SOD: Sincere Biotech, China, Catalogue no. E13651677 (Type II) -- measures all human SODs, i.e., type I/type II/type III.

Statistical analysis

Data analysis was done using Chi-square/Fisher\'s exact test in case of categorical variables and by unpaired *t*-test/Mann--Whitney U-test/ANOVA/Kruskall--Wallis test for continuous variables, as appropriate. *P* 0.05 was considered as statistically significant. Statistical analysis was done using Statistical Package for the Social Sciences version 21.0 software (SPSS Inc., Chicago, USA).

RESULTS {#sec1-3}
=======

Demographic features {#sec2-2}
--------------------

The mean age at presentation of patients of premature canities was 19.04 ± 4.28 years (range 9--24 years). Among the 50 recruited premature canities patients, 33 (66%) were male and 17 (34%) were female \[[Table 1](#T1){ref-type="table"}\].

###### 

Demographic and clinical details of premature canities cases and controls

                                Cases (*n*=50)   Controls (*n*=30)   *P*
  ----------------------------- ---------------- ------------------- ------
  Age                                                                
   Mean age (years)             19.04±4.28       19.70±3.45          0.78
   Age range (years), *n* (%)   9-24             12-24               
    ≤15                         12 (24)          6 (20)              
    16-20                       16 (32)          10 (33)             
    \>20                        22 (44)          14 (47)             
  Gender, *n* (%)                                                    
   Male                         33 (66)          18 (60)             0.37
   Female                       17 (34)          12 (40)             
  Clinical features                                                  
   BMI (kg/m^2^)                21.64±2.96       21.54±2.32          0.87
   Anemia, *n* (%)              18 (36)          13 (43)             0.38
   Hypothyroidism, *n* (%)      3 (6)            1 (3.3)             0.49

BMI -- Body mass index

Twenty-five (50%) patients suffered from a severe grade of premature hair graying, while 10 (20%) and 15 (30%) patients had mild and moderate grades of premature canities, respectively.

The mean age of onset of premature hair graying was 16.55 ± 3.68 years, while the median age of onset was 16 years. A significantly greater proportion of patients with onset of hair graying at ≤16 years age had a severe grade of premature canities, compared to those with onset at \>16 years age (67% vs. 30.5%, respectively; *P* = 0.03). Besides, a significantly higher percentage of male patients had a severe grade of premature canities, as compared to females (64% vs. 24%, respectively; *P* = 0.02) in our cohort \[[Table 2](#T2){ref-type="table"}\].

###### 

Association of severity of premature canities with the age of onset and gender

  Age of onset/gender   Cases, *n* (%)   Severity grade of premature canities, *n* (%)   *P*                 
  --------------------- ---------------- ----------------------------------------------- -------- ---------- ------
  ≤16 years             27 (100)         3 (11)                                          6 (22)   18 (67)    0.03
  \>16 years            23 (100)         7 (30.5)                                        9 (39)   7 (30.5)   
  Male                  33 (100)         5 (15)                                          7 (21)   21 (64)    0.02
  Female                17 (100)         5 (29)                                          8 (47)   4 (24)     

Family history of premature canities {#sec2-3}
------------------------------------

The number of patients with a positive family history of premature canities in the first-degree relatives was 17 (34%). No significant association of family history of premature canities with an earlier age of onset/disease progression/severity of hair graying was observed.

Scalp area of origin of premature canities {#sec2-4}
------------------------------------------

Premature hair graying originated in the frontal, vertex, and temporal region of the scalp in 30 (60%), 15 (30%), and 5 (10%) patients, respectively. There was no correlation of age of onset or gender, with any specific scalp area of origin of premature hair graying.

Obesity, anemia, and thyroid status {#sec2-5}
-----------------------------------

The majority of patients, i.e., 28 (56%), were in the normal body mass index (BMI) category, 6 (12%) were underweight, and 10 (20%) and 6 (12%) patients were overweight and obese, respectively. No significant association of severity of premature canities with an increase in BMI was observed.

Anemia was present in 18 (36%) patients and 3 (6%) patients suffered from hypothyroidism.

No significant difference in the mean BMI and presence/absence of anemia or hypothyroidism between premature canities cases and controls was noted \[[Table 1](#T1){ref-type="table"}\].

Oxidative stress and antioxidant defense parameters {#sec2-6}
---------------------------------------------------

### Serum malondialdehyde {#sec3-1}

The mean serum MDA levels in premature canities patients (916.0 ± 488.3 ng/mL) were significantly higher than in healthy controls (755.9 ± 363.1 ng/mL) (*P* \< 0.01). Increasing the severity of premature canities correlated with a progressive increase in serum MDA levels, which was statistically significant (*P* \< 0.01) \[Tables [3](#T3){ref-type="table"}, [4](#T4){ref-type="table"} and Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}\].

###### 

Oxidative stress/antioxidant parameters in sera of premature canities cases and healthy controls

  Parameter (serum concentration)   Mean±SD       *P*           
  --------------------------------- ------------- ------------- ----------
  MDA (ng/mL)                       916.0±488.3   755.9±363.1   \<0.01
  rGSH (µg/mL)                      177.8±114.5   319.0±95.21   \<0.0001
  SOD (ng/mL)                       27.45±6.08    31.78±8.17    \<0.01

SD -- Standard deviation; MDA -- Malon-di-aldehyde; rGSH -- Reduced glutathione; SOD -- Superoxide dismutase

###### 

Correlation of serum oxidative stress/antioxidant parameters with severity grades in cases of premature canities

  Parameter (serum concentration)   Severity grade of premature canities   *P*                          
  --------------------------------- -------------------------------------- ------------- -------------- --------
  MDA (ng/mL)                       660.5±79.18                            820.6±221.9   1075.0±629.6   \<0.01
  rGSH (µg/mL)                      248.8±162.9                            208.7±100.9   130.8±76.58    0.01
  SOD (ng/mL)                       29.03±6.98                             28.55±5.93    26.15±5.75     0.32

MDA -- Malondialdehyde; rGSH -- Reduced glutathione; SOD -- Superoxide dismutase

![Oxidative stress/antioxidant parameters in sera of premature canities cases and healthy controls. (a) Serum malon-di-aldehyde (b) serum reduced glutathione (c) serum superoxide dismutase](IJT-12-16-g001){#F1}

![Association of serum oxidative stress/antioxidant parameters with severity grades in cases of premature canities. (a) Serum malondialdehyde (b) serum reduced glutathione (c) serum superoxide dismutase](IJT-12-16-g002){#F2}

### Serum reduced glutathione {#sec3-2}

The mean serum rGSH levels in premature canities cases (177.8 ± 114.5 μg/mL) were significantly lower than in controls (319.0 ± 95.21 μg/mL) (*P* \< 0.0001). A significant parallel decline was observed in serum rGSH levels from mild-to-severe grades of premature canities (*P* = 0.01) \[Tables [3](#T3){ref-type="table"}, [4](#T4){ref-type="table"} and Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}\].

### Serum superoxide dismutase {#sec3-3}

The mean serum SOD levels in cases of premature canities (27.45 ± 6.08 ng/mL) were significantly lower as compared to controls (31.78 ± 8.17 ng/mL) (*P* \< 0.01). A decreasing trend in serum SOD levels was noted with increasing severity of premature canities; however, it did not reach statistical significance \[Tables [3](#T3){ref-type="table"}, [4](#T4){ref-type="table"} and Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}\].

DISCUSSION {#sec1-4}
==========

Premature graying of hair before the usual age (20 years in Caucasians, 25 years in Asians, and 30 years in Africans), though apparently an innocuous disorder, tremendously impacts the self-esteem of young afflicted individuals due to its social perception as a sign of old age.\[[@ref1]\] In populations where the natural hair color is deeply pigmented dark brown/black, namely Asians, even few strands of gray hair are noticeable.\[[@ref9]\]

The causes of premature canities are not well understood; however, reports in the literature implicate oxidative stress, defective maintenance of melanocyte stem cells, genetic factors, autoimmune disorders, premature aging syndromes, trace element deficiencies, and insufficient neuroendocrine stimulation of melanogenesis, as etiological factors.\[[@ref1]\]

Color of human hair depends on melanin biosynthesis, in hair follicular pigmentary unit melanocytes, inside cytosolic organelles termed melanosomes, which are transferred to keratinocytes, mainly in the hair cortex.\[[@ref10]\] Melanogenesis in hair follicles is tightly coupled to the hair growth cycle and takes place only during the anagen phase.\[[@ref11]\] A marked loss of pigment forming melanocytes from aging hair follicle bulb is central to the pathogenesis of hair graying.\[[@ref12]\]

In pigmented hair follicles, melanin synthesis proceeds via tyrosinase-catalyzed initial hydroxylation of L-tyrosine to 3,4-dihydroxy-phenylalanine (DOPA) and subsequent oxidation of DOPA to dopaquinone. Melanins are indole derivatives of dopaquinone, formed through a series of oxidative steps, that in the final stages leading to endogenous production of ROS in bulbar melanocytes.\[[@ref2]\]

Excessive generation of ROS leads to macromolecular and cellular damage due to lipid peroxidation, single-strand DNA breaks, mutations, and denaturation of proteins/enzymes.\[[@ref3]\] ROS-induced cell membrane damage generates arachidonic acid/other PUFA bicyclic endoperoxides, which subsequently form aldehydes, namely MDA and 4-hydroxynonenal, as secondary end products. MDA crosses cell membranes into the extracellular compartment and its serum concentration represents a sensitive marker of oxidative stress.\[[@ref13]\] The *in vivo* defense against ROS is primarily provided by antioxidant enzymes and Vitamins E and C. The main antioxidant enzymes include superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx).\[[@ref14]\]

Harman in 1956 first postulated the "free radical theory of aging," which implicated a major role of oxidative stress in the aging process.\[[@ref15]\] In graying hair follicles, melanocytes are frequently highly vacuolated, a common cellular response to oxidative stress.\[[@ref16]\] Redox status in graying hair follicles has been evaluated in mouse models/human subjects in few studies, which suggest oxidative stress as a key underlying mechanism of premature hair graying.\[[@ref17]\]

In experimentally created bcl-2-/-mice, Veis *et al*.\[[@ref18]\] observed, in addition to other phenotypes, graying of hair by the second hair growth cycle. They proposed an antioxidant role of the death repressor bcl-2 molecule and suggested that its absence led to derangement of redox-regulated melanin biosynthesis pathway in bcl-2-/-mice.

Nishimura *et al*.\[[@ref19]\] demonstrated a dramatic acceleration of hair graying in a mouse model if the antiapoptotic bcl-2 protein was deficient, which caused a selective apoptosis of melanocyte stem cells in the bulge region of the hair follicle outer root sheath. They concluded that repopulation of early anagen hair bulb with melanocyte precursor cells was likely to fail in advanced age, with resultant graying of hair.

Arck *et al*.\[[@ref4]\] in their study on pigmented, graying, and unpigmented human scalp hair follicles from healthy aging donors demonstrated loss of melanocytes by apoptosis and presence of oxidative damage to DNA in the pigmentary unit of graying hair follicles. Based on these observations, the authors proposed a "free radical theory of graying of hair."

An in-vivo study by Wood *et al*.\[[@ref5]\] documented accumulation of H~2~O~2~ in millimolar concentrations in human scalp gray hair shafts and nearly absent methionine sulfoxide reductases A and B and CAT activity. Limited functionality of tyrosinase, the key enzyme of melanin biosynthesis, observed in gray hair follicles in this study, was consequent to the formation of methionine sulfoxide at the enzyme active site.

It is likely that impairment in antioxidant enzymes with age leads to irreversible damage to melanocytes from their own melanogenesis-related oxidative stress. In an *in vitro* culture study of human hair follicle melanocytes, from donors of different ages, Kauser *et al*.\[[@ref6]\] observed no difference in the expression of SOD with the advancement of age; however, CAT expression was markedly reduced in melanocytes from older donors. Shi *et al*.\[[@ref7]\] also reported strongly repressed expression of CAT and hydroxyl radical scavenging activities in bulb and bulge region of unpigmented hair follicles, compared to pigmented hair follicles, in patients with premature canities.

In a study conducted in black-haired mouse model, the application of SOD-containing gel on the mice back, was observed to protect against graying of hair, induced by psoralen plus ultraviolet (UV)-A radiation exposure.\[[@ref20]\] Transgenic mice expressing Arg213Gly mutation in SOD3 (an extracellular secreted form of SOD) were shown by Kwon *et al*.\[[@ref21]\] to exhibit premature aging, including hair graying.

Hair follicle cells are rapidly proliferating, and therefore, dependent on active DNA synthesis, which requires a sufficient supply of micronutrients, namely Vitamin B12. Sonthalia *et al*.\[[@ref22]\] reported a statistically significant correlation of premature hair graying with a deficiency of Vitamin B12, with 9 out of 71 cases also having anti-parietal cell IgG antibodies, suggestive of pernicious anemia. In this context, an interesting observation is a demonstration of a novel role of Vitamin B12 by Birch *et al*.,\[[@ref23]\] who showed that cobalamins are remarkably effective intracellular antioxidants *in vitro*.

It has been proposed that the endogenous oxidative stress caused by melanin synthesis in melanocytes in pigmented anagen hair follicles may be aggravated by external factors, namely UV exposure, environmental pollution, psychoemotional stress, smoking, and xenobiotics, which escalate ROS production and deplete the antioxidant capacity. This systemic redox imbalance may lead to permanent damage of hair bulb melanocytes, affecting them selectively and prematurely, thereby hastening the process of hair graying, but its exact role has not been dissected out.\[[@ref4]\],\[[@ref8]\]

The present study was designed in a clinical setting to assess oxidative stress/antioxidant parameters in the blood of premature canities patients on the premise that it may aid in their prognostic assessment/treatment. No widely accepted or standard scales are available to uniformly assess the severity of premature hair graying, and different scoring systems have been used by various investigators.\[[@ref24]\],\[[@ref25]\],\[[@ref26]\] Systemic biomarkers of redox status measured in blood/serum adequately reflect the redox status of different tissues as reported by Margaritelis *et al*.,\[[@ref27]\] who demonstrated good qualitative and quantitative agreement of MDA, rGSH, and SOD levels in blood and tissues.

In our study, the tilted gender ratio in favor of males could be due to social gender bias and easier tapping of medical services by males and may not reflect true incidence. This male preponderance in premature canities cases has not been observed by other investigators.\[[@ref26]\],\[[@ref28]\]

We observed significantly higher mean serum MDA levels in cases of premature canities than in controls. Daulatabad *et al*.\[[@ref29]\] also noted significantly higher MDA levels in the sera of premature canities patients in comparison to controls. An interesting observation in our study cohort was the significant progressive elevation in serum MDA levels from mild-to-severe grades of premature canities, which has not been reported earlier.

SOD represents the first line of defense against oxygen-derived free radicals and is rapidly induced in response to oxidative stress.\[[@ref30]\] The superoxide free radical is reduced by SOD to less reactive H~2~O~2~, which is then degraded to water by the enzymes GPx and/or CAT.\[[@ref31]\]

In humans, there are three isoforms of SOD: SOD1 is the major intracellular SOD localized mainly in cytosol (Cu/ZnSOD), SOD2 is located in mitochondrial matrix (MnSOD), and SOD3 is a secretory extracellular Cu/Zn-containing SOD (ecSOD) with primary location in extracellular matrix/cell surfaces and a smaller fraction in plasma/extracellular fluids. In the blood plasma/serum, all the three SOD types may be detectable, as intracellular SOD1 and SOD2 may leak into the circulation due to cellular damage by apoptosis/necrosis.\[[@ref32]\]

The measurement of SOD catalytic activity is more biologically relevant than an assay of enzyme mRNA/protein concentration, which may not necessarily reflect an alteration in activity.\[[@ref33]\] SOD activity measurement involves the generation of superoxide ion nonenzymically (e.g., by pyrogallol autooxidation) or enzymically (e.g., by xanthine oxidase) in a test medium, which contains an indicator reaction for superoxide (e.g., nitro blue tetrazolium reduction). SOD activity in the test sample is calculated from the degree of SOD-mediated inhibition of indicator reaction.\[[@ref34]\],\[[@ref35]\] Any entity in reaction mixture which scavenges superoxide/changes rate of superoxide formation/reacts with indicator will lead to erroneous results. These indirect procedures therefore provide only relative estimates of SOD activity in biological samples of comparable composition.\[[@ref35]\] There are several reports in the literature of Cu/ZnSOD activity measurement in the blood of normal healthy adults but with variable results.\[[@ref36]\],\[[@ref37]\]

Direct immunochemical methods, namely ELISA, are highly specific and give an absolute measure of SOD, but the drawback is that antigen concentration is measured and not the catalytic activity.\[[@ref35]\] There are no available universally accepted reference ranges in serum for total SOD or specific SOD types. This is apparent from the varying normal ranges quoted by different investigators.\[[@ref38]\],\[[@ref39]\] Most studies using ELISA for measurement of SOD have compared the levels in cases and matched controls to analyze the alterations, as has been done in the present study.

We observed serum total SOD concentrations measured by ELISA to be significantly lower in premature canities patients compared to controls. A decreasing trend was observed in serum SOD levels from mild-to-severe grades of premature canities; however, the fall was not statistically significant.

We did not come across any report in the literature of measurement of SOD in the blood of premature canities cases. A meta-analysis of different studies to analyze alterations in SOD levels in vitiligo patients reported inconsistent results and suggested that this could be due to variations in activity and duration of disease, different sample sources, or different laboratory analyses.\[[@ref40]\] SOD can be rapidly induced on exposure to oxidative stress, which may be followed by a subsequent fall, due to exhaustion of antioxidant potential/enzyme inactivation.\[[@ref30]\] This could explain in our study the observed lower SOD levels in premature canities cases and their lack of correlation with disease severity, which may be due to variation in disease activity/duration.

GPx reduces H~2~0~2~ using rGSH, which is simultaneously converted to oxidized glutathione (GSSG). The intracellular redox state is reflected by the levels of rGSH, GSSG as well as the rGSH/GSSG ratio, which is an important indicator of cellular health.\[[@ref41]\] The rGSH, GSSG levels, and their ratio in blood mirror the redox status of the whole body since these products leak into the surrounding bloodstream and other body fluids.\[[@ref42]\]

We observed significantly lower mean serum rGSH levels in cases of premature canities as compared to controls. Besides, there was a significant parallel decline in serum rGSH levels from mild-to-severe grades of premature canities in our study cohort. Daulatabad *et al*.\[[@ref29]\] reported lower whole blood rGSH levels in cases of premature canities versus controls; however, the difference was not statistically significant in their study.

Alterations in all the three serum parameters in the present study, i.e., MDA, rGSH, and SOD taken together, point to the presence of a high degree of systemic oxidative stress in premature canities patients. Similar studies in autoimmune skin disorders such as vitiligo, alopecia areata, psoriasis, and pemphigus have documented significant differences between patients and healthy controls, in oxidative/antioxidant parameters in the blood/affected skin or both.\[[@ref43]\]

It is difficult to ascertain, however, from the present study, whether the systemic oxidative stress in our patients affected the hair follicles secondarily, leading to graying of hair shafts, or the local endogenous oxidative stress in graying hair follicles spilled over into the circulation.

Our study, as well as the aforementioned studies, supports a critical role of oxidative stress in the etiopathogenesis of premature canities. In an attempt to reverse premature hair graying, a number of therapeutic agents, some with an antioxidant role, namely para aminobenzoic acid and l-methionine, have been investigated or are under trial.\[[@ref1]\] Randomized double-blind placebo-controlled trials are however lacking, and treatment of premature canities remains arbitrary at present.

CONCLUSION {#sec1-5}
==========

A systemic redox imbalance was present in premature canities patients in our study cohort due to raised pro-oxidant levels and reduced antioxidant prowess, as evidenced by significantly higher serum MDA and lower serum rGSH and serum SOD levels, in cases as compared to controls. Further, there existed a close correlation of the rise in serum MDA and fall in serum rGSH levels with the severity of premature canities, which to our knowledge is previously unreported.

The measurement of MDA and rGSH in sera of patients with premature canities, as markers of oxidative stress/antioxidant status, may prove useful for monitoring disease progress, and as predictive biomarkers of response to treatment. Further large-scale studies would, however, be necessary to confirm the clinical utility of these parameters. Our study makes a strong case for therapeutic supplementation with antioxidants in patients with premature canities.
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